A simple method to create self-organized patterns of microparticles in polymer films is demonstrated. Dye-loaded zeolite crystals are used as model microparticles, allowing convenient imaging of the patterns by fluorescence microscopy. The pattern formation can be interpreted within the general framework of the model of local self-activation and lateral inhibition. Two starting parameters, namely the polymer concentration and the wet film thickness, control the size and shape of the particle aggregates in the patterns, as well as their spacing. The size of the aggregates ranges from 50 to 340 µm.
Introduction
The formation of self-organized patterns involves the spontaneous emergence of order from a population of interacting elements. Concepts of pattern formation in non-living systems are increasingly applied as tools to investigate the organization of cells [1] [2] [3] and to provide new insights in the field of developmental biology [4] . We report a method to create a variety of self-organized patterns upon evaporation of a solvent from a suspension containing fluorescence-labeled microparticles and a polymer. Zeolite L (ZL), an aluminosilicate molecular sieve that is available in a wide range of sizes and morphologies [5] , is used as a model microparticle. The one-dimensional channel system of the ZL crystals can be filled with luminescent guests [6] , allowing convenient imaging by fluorescence microscopy. The pattern formation in the ZL/polymer/solvent system can be interpreted within the general framework of the model of local self-activation and lateral inhibition, i.e., a short-range positive feedback coupled to a long-range negative feedback ( Figure 1 ). This type of mechanism has been used to explain biological pattern formation and is based on the amplification of local inhomogeneities by an autocatalytic process which is complemented by an inhibitory component [7] [8] [9] . ZL/polymer composite films are of particular interest for optical applications, as the optical properties of the films can be changed by choosing suitable guests for the ZL crystals. [6, 10, 11] . The guests thereby do not necessarily need to be compatible with the polymer.
Furthermore, the confinement in the ZL channels prevents aggregation of the guest molecules, allowing for high local concentrations. An example illustrating this intriguing concept is given in Figure 2 . In this case, the perylene dye Pigment Red 149 (PR149) was introduced into the ZL channels. After dispersing the PR149-loaded ZL crystals in polymethylmethacrylate (PMMA) and chloroform, the mixture was cast onto a glass plate producing a deeply red colored film after evaporation of the solvent. The corresponding absorption spectrum shows the signature of unaggregated PR149. Because of the excellent matching of the refractive indices of ZL and PMMA, the PR149-ZL/PMMA film exhibits very little scattering.
The organization of zeolite crystals has attracted considerable interest and a variety of methods to obtain two-and three-dimensional functional entities have been reported [12] [13] [14] .
While many of these procedures employ linkers to bind the zeolite crystals to the respective substrates, pattern formation has also been observed by depositing the particles onto structured surfaces [15, 16] . Modification of ZL crystals with anionic end groups and mixing with cationic precursors of a conjugated polymer has been found to produce self-assembled ZL/polymer composite nanofibers with ordering of the ZL crystals. Microfluidic forces, introduced upon drying of respective ZL/polymer/water mixtures, are believed to play an important role in the formation of the self-assembled nanofibers [17] .
Experimental details
For the experiments reported here, we have used disc-shaped ZL crystals (height = 0.2 -0.4 µm, diameter = 0.5 -2 µm). To visualize the patterns, the ZL nanochannels were filled with the luminescent dye oxonine [18] . Dye-loaded ZL crystals were prepared by refluxing 70 mg of ZL (Lucidot DISC, Clariant) in an aqueous solution of oxonine (3,7-diaminophenoxazinylium) chloride (4.5 mL, 0.13 mM) for 16 h. The crystals were recovered by centrifugation, washed with methanol to remove oxonine molecules adsorbed on the external surface, and oven-dried at 60 °C. To prepare the ZL/polymer films, the oxonineloaded crystals were dispersed in chloroform by ultrasonication for 30 min. In parallel, PMMA (polymethylmethacrylate, M av = 120'000, Aldrich) was dissolved in chloroform. The ZL dispersion and the PMMA solution were mixed and stirred to obtain a homogeneous suspension containing typically 1 mL of chloroform and 5 mg of oxonine-loaded ZL. ZL/PMMA films were then prepared on 1 mm thick microscopy glass slides (washed with ethanol and distilled water) by tape casting onto an area of 7 cm × 2 cm, resulting in a specific initial thickness of the wet ZL/PMMA film (t 0 , see Figure 1 ). Evaporation of the solvent took place in less than 15 s at room temperature and under a relative humidity of 30-45 %. No air current was applied. Fluorescence microscopy images were acquired on a Olympus BX 60 microscope.
Results
The size and the shape of the patterns in the ZL/PMMA/CHCl 3 system can be controlled by adjusting two starting parameters, namely the initial PMMA concentration (c 0 ) and the wet film thickness (t 0 ). Figure 3 , the total amount of microparticles per image area is comparable. Independent of the film thickness, we observe a larger spacing between the aggregates in cases of low polymer concentration, indicating that under these conditions, the particle packing in the aggregates is more dense.
In the investigated range, the size of the aggregates was found to increase linearly with increasing t 0 . For a given value of t 0 , on the other hand, the average size of the aggregates increases with increasing c 0 (Figure 4) . A particularly interesting effect is observed in the case of c 0 = 10.2 wt% (Figure 3, series A) . As t 0 increases, the aggregates are no longer isolated, but form groups with the appearance of spiral defect chaos in certain regions. With c 0 = 6.8 wt% (Figure 3, series B) , the aggregates exhibit shapes such as rings, half-moons, and two parallel bands (patterns B1 and B2). The population of circular aggregates increases with increasing t 0 and the ZL-free region in the center of the aggregates gradually disappears (patterns B3 and B4). For c 0 = 3.4 wt% (Figure 3, series C) , the shape of the aggregates is comparatively indistinct. Images of the ZL/PMMA films taken with raking light ( Figure 5) reveal a considerable surface roughness, indicating that three-dimensional aggregation of the particles occurs.
Discussion
Because of the non-equilibrium nature of the system, the identification of the mechanism responsible for the pattern formation is challenging. It is reasonable to assume that the formation of the patterns is a direct consequence of the instability driven by the evaporation of the solvent. To explain the formation of patterns under such conditions, Rayleigh-Bénard and Marangoni convection have been invoked [19, 20] . Alternative mechanisms have been proposed to explain the formation of mesoscopically scaled patterns in polymer solution systems [21] [22] [23] [24] . Indeed, mesoscopic structuring occurring upon evaporation of a solvent from such systems is at present not completely understood. Although not directly related to our system, the formation of breath figures should be mentioned in this context. Blowing moist air over a solution of a polymer in an organic solvent leads to the nucleation and growth of water droplets on the surface. The monodisperse droplets subsequently arrange into a hexagonal array. Evaporation of the solvent yields a polymeric matrix featuring an imprint of the water droplets [25] . Various mechanistic pathways have been proposed for the formation of breath figure arrays, but there seems to be a general consensus concerning the importance of Marangoni convection [26] . Water is thereby not only essential for forming the holes, but can also induce an orientation and accumulation of polar functions in a well-defined position in the film [27] .
Rayleigh-Bénard convection most likely does not play an important role in our system, considering the small temperature gradients and thin layers. We can also exclude a classic Marangoni instability driven by temperature dependence of the surface tension. The characteristic time of thermal conduction is on the millisecond time scale, and is therefore significantly shorter than the characteristic time of the process [28] . It is notable in this context that under our conditions of film preparation and in absence of the microparticles, we did not observe patterning in the PMMA films.
Similar to the spatiotemporal dynamics of dewetting and related self-organization processes [29, 30] , pattern formation in the ZL/PMMA/CHCl 3 system is in principle governed by physical processes in an evaporating solution. In such systems, the chemical nature of the involved components plays only a minor role in the pattern formation, leading to a variety of possibilities in terms of patternable compounds. In chemical non-equilibrium systems, on the other hand, patterns can form as a consequence of the diffusive coupling of reaction processes. Turing patterns occur in systems in which activating and inhibiting processes compete, as for example in reaction-diffusion systems in which the inhibitor species diffuses faster than the activator species [3, 31] . The ZL/PMMA/CHCl 3 system cannot be directly compared to chemical polymer-based systems of this kind [32, 33] , because the instability in the former is created exclusively by a physical process (the evaporation of the solvent).
Nevertheless, the general principles of the Turing model can be employed to explain the pattern formation.
We propose that the self-organization in the present system follows a mechanism based on a short-range positive feedback coupled to a long-range negative feedback. The positive feedback can be understood based on the reasonable assumption that the evaporation of the solvent is facilitated in regions of high particle concentration (Figure 1, process (c) ). Particles in aggregates are rendered immobile by the increased viscosity of the surrounding medium, leading to aggregate growth and further promotion of local solvent evaporation (Figure 1,   process (a) ). The long-range negative feedback (Figure 1, process (b) ) is caused by the evaporation of the solvent occurring over the entire surface of the film, inhibiting the local increase of particle density. As the solvent gradually disappears, the PMMA/solvent system, which acts as the matrix in which the particles can move, becomes less penetrable.
Furthermore, a cross-inhibition occurs, as the growth of a given aggregate reduces the number of particles that are available to form aggregates at other sites.
Conclusions
A three-component system, consisting of microparticles, polymer, and a solvent, can generate a variety of patterns as a function of well controllable parameters. The interpretation of the pattern formation within the framework of local self-activation and lateral inhibition is particularly interesting due to possible analogies to biological pattern formation [7] [8] [9] . A series of further studies on this system can be envisaged, concerning, for example, the influence of particle size, polymer type, or solvent volatility. The identification of the control parameters in relation with theoretical models is expected to yield valuable insight into the mechanisms for the formation of patterns far from equilibrium. However, due to the obvious complexity of the patterns, particularly regarding the various shapes of the microparticle aggregates, we expect that simple stochastic models are insufficient to describe the pattern formation. 
